Steroid receptor coactivators (SRCs) exert profound effects on animal development and physiology. These coactivators are nuclear proteins and transcription co-regulators that function to facilitate the transcription initiation mediated by nuclear receptors, as well as by other wellknown transcription factors. However, how these co-regulators are functionally regulated is poorly understood. During genome-wide screening for SRC-interacting proteins, we identified a novel ankyrin repeat containing protein, SIP (SRC-Interacting Protein), which interacts with SRC coactivators in the cytoplasm. We demonstrated that extracellular stimuli such as the addition of estrogen, induced phosphorylation of SIP in its PEST (Proline, Glutamate, Serine, and Threonine rich) domain by casein kinase II. The phosphorylation of SIP resulted in dissociation of SRC proteins from SIP in the cytoplasm and led to subsequent nuclear translocation of SRC proteins and gene coactivation. Both gain-of-function and loss-of-function experiments indicate that SIP functions to sequester SRC coactivators in the cytoplasm and buffer the availability of these coactivators, thus providing a mechanism for the regulation of the transcription regulators.
Introduction
Gene transcription activation by transcription factors such as nuclear receptors is accomplished through the recruitment of a series of coactivators or co-regulators. Coactivator proteins fulfill their functions through protein-protein interactions that bridge transcription factors and the basal transcription machinery and through their chromatin remodeling activities that facilitate the assembly of a transcription initiation complex . Several general coactivators, such as CBP/p300 and pCAF, are recruited by transcription factors to mediate their transcriptional activities . These proteins are known to possess intrinsic histone acetyltransferase (HAT) activity and are capable of chromatin modification by histone acetylation. The general coactivators can also be recruited by interaction with more specific coactivators, including members of the steroid receptor coactivator (SRC) family, which have been shown to enhance nuclear receptor-mediated gene transcription as well as gene transactivation by other transcription factors such as AP-1, STATs, ETS, p53, E2F, and NFkB (Shang, 2006) . Previously, we reported that SRC coactivators are both necessary and sufficient for estrogen receptor (ER)-mediated gene transcription (Shang et al, 2000; Shang and Brown, 2002; , and we demonstrated that members of the SRC protein family are differentially involved in gene regulation Zhang et al, 2004; Wu et al, 2006) .
The SRC family includes SRC-1, TIF2/GRIP1/SRC-2 (hereafter referred to as GRIP1), and pCIP/ACTR/AIB1/RAC3/ TRAM1/SRC-3 (hereafter referred to as AIB1) . Structurally, SRC-1, GRIP1, and AIB1 share 40% overall sequence identity, and they all contain, at the amino (N)-terminus, a basic-helix-loop-helix (bHLH) domain and a Per-Arnt-Sim (PAS) domain that are implicated in specific DNA binding and/or heterodimerization with other bHLH-PAS containing proteins (Belandia and Parker, 2000; Kim et al, 2003) , and in carboxyl (C)-terminus, these proteins harbor domains that interact with other coactivators such as p300 and CARM1 (Kamei et al, 1996; Chen et al, 1999a) . Three LXXLL motifs, also known as NR boxes (for 'nuclear receptor' binding), are centrally located in all three proteins (Heery et al, 1997; Darimont et al, 1998; McInerney et al, 1998) .
SRC coactivators play important roles in animal development and physiology. Genetic studies with gene ablation showed that although both male and female SRC-1-null mice are viable and fertile, they exhibit partial resistance to several hormones, including estrogen, progestin, androgen, and thyroid hormones (Xu et al, 1998; Weiss et al, 1999) ; elimination of AIB1 has revealed that it is required for normal growth of mouse (Wang et al, 2000; Xu et al, 2000) , as well as for some female reproductive functions (Xu et al, 2000) , and there is impairment of fertility in both male and female GRIP1-null mice , and GRIP1-null mice also display enhanced adaptive thermogenesis (Picard et al, 2002) . On the other hand, SRC proteins are also implicated in the pathogenesis of several disease states, especially malignancies. AIB1 has been found to be strongly amplified and/or overexpressed in 64% of primary breast cancers, as well as in some primary ovarian tumors (Anzick et al, 1997; Bautista et al, 1998) , and translocation between the GRIP1 gene and the MOZ (monocytic zinc finger) gene has been identified in human acute myeloid leukemia (Carapeti et al, 1998) .
Although the mechanistic role of SRC coactivators in gene transcriptional regulation is relatively well characterized, how the function of these proteins themselves is regulated is not clear. SRC proteins are mainly localized and function in the nucleus. Nonetheless, numerous studies indicate that these proteins are constantly shuttling between the nucleus and the cytoplasm (Stenoien et al, 2001; Qutob et al, 2002; Amazit et al, 2003; Wu et al, 2004) . How the dynamic changes in subcellular distribution occur and how these changes are correlated to the activity of these proteins remains poorly understood. Here, we report the identification and functional characterization of a novel SRC-interacting protein, designated SIP for SRC-1-Interacting Protein. We have shown that SIP functions to sequester SRC coactivators in the cytoplasm and consequently regulates the transactivation activity of SRC-1 in the nucleus, thus providing a mechanism for regulating the activity of the transcriptional regulators.
Results

Cloning and characterization of SIP
As stated above, SRC coactivators share several important functional domains. The nuclear receptor-interacting domains as well as the carboxy-terminal coactivator-interacting domains are well characterized. Thus, in an effort to identify proteins that interact with different members of the SRC family to define differential biological activities of these proteins, we utilized the amino-terminal (N) fragments of the SRC proteins (SRC-N), which include the bHLH-PAS domains ( Figure 1A ), to screen for new potential proteins that might be associated with different members of the SRC family. The GAL4-based yeast two-hybrid system 3 from Clontech was used with yeast GAL4 BD (DNA binding domain) fusion constructs, pGBKT7-SRC-1-N, pGBKT7-GRIP1-N, and pGBKT7-AIB1-N, to screen a human mammary cDNA library (Clontech) in the yeast strain AH109. After a four-round screening of 1 Â10 6 clones with each of the three BD fusion constructs, positive results were obtained for clones containing an ankyrin repeat sequence with SRC-1-N ( Figure 1B , left panel). To confirm the interaction of these clones with SRC-1, the cDNA was rescued from the library and retransformed into yeast cells together with the pGBKT7-SRC-1-N construct. The back hybridization experiments confirmed the interaction between this cDNA and SRC-1 ( Figure 1B, right panel) . In addition, back hybridization experiments in yeast cotransformed with AD (activation domain) construct containing this cDNA and pGBKT7-AIB1-N BD and pGBKT7-GRIP1-N BD plasmids indicated that the protein encoded by this cDNA also interacts with AIB1 and GRIP1.
DNA sequencing revealed that the cDNA is 2580 bp in length (GenBankTM AY639929) and contains an open reading frame encoding for a protein of 859 amino acids. The predicted molecular mass of this protein is B92.2 kDa, with a theoretical isoelectric point 5.28. The corresponding gene was mapped to chromosome 19p13.2 and consists of eight exons and seven introns. We named this gene as SIP for its encoded SRC-Interacting Protein. SIP has been described previously as Ankrd25 (Harada et al, 2005) . Bioinformatics analysis indicated that SIP contains an ankyrin repeat domain (668-836), a PEST (Proline, Glutamate, Serine, and Threonine rich) domain, and two additional conserved regions with unknown functions (residues 37-72 and 176-229) ( Figure 1C ). In addition, the PEST domain harbors two overlapping casein kinase II (CK II) phosphorylation sites (residues 518-521, 519-522). Amino-acid sequence alignment indicated that human SIP shares 81% identity with its mouse homologue, BAC33660.1, and the similarity of the amino-acid sequence of SIP with homologues in other organisms was as following: 75% in Rattus norvegicus, 46% in Danio rerio, 37% in Caenorhabditis elegans, and 36% in Drosophila melanogaster ( Figure 1D ). Phylogenetic analysis also indicated that SIP is an evolutionarily wellconserved gene ( Figure 1E ).
In order to confirm the existence of SIP transcript(s) and to examine the expression profile of SIP, we next analyzed the expression of SIP by Northern blotting with Clontech's human multiple tissue blots. The results indicated that SIP was expressed as a single message of B5.0 kb in length, with the highest expression in heart, relatively high expression in lung, liver, and skeletal muscle, and low expression in placenta, kidney, and pancreas; no SIP transcript was detected in brain ( Figure 2A) .
To examine the expression of SIP protein, a FLAG-tagged SIP expression construct was transfected into MCF-7 cells. Fortyeight hours after the transfection, cellular proteins were analyzed by Western blotting with a monoclonal antibody against FLAG. As shown in Figure 2B (upper panel), Western blotting indicated that SIP was expressed as a protein of B92 kDa in SIP-transfected MCF-7 cells. Western blotting analysis of the endogenous as well as the overexpressed SIP protein with polyclonal antibodies against SIP that we generated in the late phase of the study with recombinant SIP (1-266 aa) indicated that SIP is a protein with an M r of B92 kDa ( Figure 2B , lower panel), confirming its predicted molecular weight.
Physical and functional interaction between SIP and SRC coactivators
To further confirm in vivo interaction between endogenous SIP and SRC coactivators, total proteins from MCF-7 cells were extracted and immunoprecipitated with the antibodies against SIP, and Western blottings were performed with antibodies against SRC-1, AIB1, or GRIP1. The results of these experiments indicated that SIP indeed was co-immunoprecipitated with all three SRC proteins ( Figure 2C ). Next, we performed GST pull-down assays to examine the nature (direct or indirect) of the interaction between SIP and SRC coactivators, and, if the interaction is direct, to map the domain(s) in SIP that mediate(s) the interaction with SRC coactivators. In these experiments, wild-type SIP and its deletion mutants were expressed as GST fusion proteins (B) Subcellular colocalization of SIP and SRC-1. MCF-7 cells were transfected with pEGFP-SRC-1 alone (upper panels), pEGFP-SIP alone (bottom panels), or cotransfected with pEGFP-SRC-1 and pcDNA3.1-FLAG-SIP (middle panels). Twenty-four hours after transfections, EGFP fluorescence and rhodamine staining of FLAG (middle panels) or endogenous SRC-1 (bottom panels) were visualized by fluorescence microscopy. (C) Estrogen stimulates SRC-1 nuclear translocation. MCF-7 cells were cotransfected with pEGFP-SRC-1 and pcDNA3.1-FLAG-SIP (upper two panels) or untransfected (lower two panels), and grown in estrogen-depleted media for at least 2 days. The cells were then left untreated or treated with 100 nM of 17b-estradiol (E2) for 30 min, and the fluorescent imaging of SRC-1 and rhodamine staining of FLAG were performed (upper two panels). The endogenous SIP and SRC-1 were also immunostaining with rhodamine and FITC, respectively (lower two panels). Cellular distribution of SRC-1 was scored in at least 100 cells. The results are means7s. and SRC-1 was in vitro transcribed/translated in the presence of [
35 S]methionine. The results of the GST pull-down experiments indicated that SIP and SRC-1 interacted directly and that the ankyrin repeats in SIP mediate SIP's interaction with SRC-1 ( Figure 2E ). GST pull-down experiments also indicated that the SRC-1-N but not SRC-1-C interacted with SIP ( Figure 2D To gain insight into the biological function of the SIP protein, we next analyzed the subcellular localization of this protein. Fluorescent imaging of GFP-SIP in MCF-7 cells indicated that SIP was primarily a cytosolic protein ( Figure 3A ), implying that SIP may mainly function in the cytoplasm.
The cytoplasmic localization of SIP and the direct interaction between SIP and SRC coactivators suggest that SIP and SRC-1 could colocalize in the cytoplasm. To test this hypothesis, FLAG-SIP and pEGFP-SRC-1 constructs were cotransfected into MCF-7 cells and immunostaining of FLAG-SIP and GFP-SRC-1 fluorescence were examined ( Figure 3B , middle panel). In addition, images were also obtained of transfected GFP-SIP and immunostained endogenous SRC-1 ( Figure 3B , bottom panel). The results of these experiments indicated that SIP and SRC-1 were indeed colocalized in the cytoplasm.
As mentioned before, as transcriptional co-regulators, SRC proteins are mainly localized and function in the nucleus. However, numerous studies indicate that these proteins are constantly shuttling between the nucleus and the cytoplasm (Stenoien et al, 2001; Qutob et al, 2002; Amazit et al, 2003; Wu et al, 2004) . Thus, the subcellular distribution of SRC coactivators could constitute a mechanism by which the activity of these co-regulators is regulated. In light of the observation that SIP interacted with SRC-1 in the cytoplasm, it is reasonable to postulate that SRC-1 is sequestered by SIP in the cytoplasm, when there is no extracellular stimulus. Upon an extracellular stimulation such as estrogen addition, signal transduction pathway(s) is activated that leads to the dissociation of SIP and SRC proteins and subsequently to SRC translocation into the nucleus. In order to test this hypothesis, FLAG-SIP and pEGFP-SRC-1 were cotransfected into MCF-7 cells and immunostaining of FLAG-SIP and imaging of EGFP fluorescence were performed in the presence or absence of estrogen stimulation. As shown in Figure 3C (upper two panels), without estrogen stimulation, SIP and SRC-1 were colocalized in the cytoplasm. Under estrogen stimulation, most of the SRC-1 was detected in the nucleus, whereas SIP remained in the cytoplasm. Immunostaining of endogenous SIP and SRC-1 yielded similar results ( Figure 3C , lower two panels). In the meanwhile, SIP silencing by RNA interference (RNAi) resulted in SRC-1 nuclear localization, independent of E2 treatment ( Figure 3D ). These experiments support the hypothesis that SIP functions to sequester SRC coactivators in the cytoplasm.
Functional and mechanistic roles of SIP in ER-regulated gene transcription
As stated above, SRC coactivators are nuclear proteins that participate in gene transcriptional regulation by nuclear receptors as well as other transcription factors. In order to investigate the functional consequence of the cytoplasmic interaction between SIP and SRC-1 on the SRC transactivation function, the effect of gain-of-function and loss-of-function of SIP on the transactivation activity of SRC-1 was examined in ER-regulated gene transcription. In these experiments, an estrogen responsive element (ERE)-driven luciferase reporter (ERE-luc) or luciferase constructs driven by the promoters of ER target genes c-Myc (He et al, 1998) or cyclin D1 (Tetsu and McCormick, 1999) were transfected into MCF-7 cells, together with either an SRC-1 expression construct, a SIP expression construct, or a construct containing a specific sequence for silencing the expression of SIP. Reporter activity under these experimental conditions was measured. Consistent with previous experiments, expression of SRC-1 enhanced ER-mediated transactivation ( Figure 4A ). Interestingly, SIP overexpression resulted in inhibition of the reporter activity, whereas silencing the expression of SIP led to an increased reporter activity ( Figure 4A ). The expression of the endogenous proteins ( Figure 4B ) and the mRNAs ( Figure 4C ) of c-Myc and cyclin D1 was inhibited by overexpression of SIP and was increased under SIP RNAi. Collectively, these experiments indicated that SIP functions to negatively regulate ER-mediated gene transcription, possibly through cytoplasmic sequestration of SRC coactivators.
In order to determine whether the negative effect of SIP on ER-mediated gene transcription could extend to a physiologically relevant response in cancer cells, we examined the effect of SIP expression on estrogen-stimulated cell cycle progression. Estrogen is normally required for the G 1 /S transition of MCF-7 cells and estrogen deprivation leads to G 0 /G 1 arrest (Doisneau-Sixou et al, 2003) . We cotransfected MCF-7 cells with the SIP expression vector or the SIP siRNA vector and cell cycle profiles were then analyzed by flow cytometry with estrogen treatment. As shown in Figure 4E , in cells transfected with SIP, the population of cells in G 0 /G 1 phases accumulated, whereas silencing the expression of SIP by RNAi led to an increase of cells in S and G 2 /M phases. These experiments indicated that SIP negatively regulated estrogen-stimulated G 1 /S transition of MCF-7 cells, possibly through inhibition of the transactivation function of SRC-1 in ER-regulated gene transcription. Cell proliferation studies by MTT assays also supported SIP's role in negative regulation of cell proliferation ( Figure 4D ).
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Protein-protein interaction is one of the physical bases for signal transduction inside the cell. The assembly and disassembly of protein complexes is often mediated by molecular events such as phosphorylation and dephosphorylation. In light of the fact that SIP contains a PEST domain, which harbors putative CK II phosphorylation sites, it is tempting to speculate that SIP is also functionally regulated by phosphorylation. In order to further understand the molecular events that lead to the dissociation of SIP and SRC-1, we next sought to test whether or not SIP is also a phospho-protein, and, if it is, what protein kinase(s) is responsible for SIP phosphorylation. First, in order to determine whether or not SIP is a E DAPI GFP-SRC-1 FLAG-SIP Merged phospho-protein, the FLAG-SIP construct was transfected into MCF-7 cells with or without estrogen stimulation, then cellular proteins were immunoprecipitated with the antibody against FLAG, and the immunoprecipitates were blotted with an antibody against phospho-serine. As shown in Figure 4F (left panels), the results of these experiments indicated clearly that SIP is a phospho-protein and its phosphorylation occurred only under estrogen stimulation. In vitro phosphorylation assays were also performed using bacteria-expressed SIP and a commercial CK II kit in the presence of [g-32 P]ATP. These assays indicated that SIP could be phosphorylated in vitro by CK II ( Figure 4F, right panels) . SIP phosphorylation by CK II occurred at the PEST domain, as serine/alanine (S/A) mutations at S-518, S-519, S-520, and S-523 in this domain of SIP almost abolished the SIP phosphorylation by CK II ( Figure 4F , right panels). In vivo phosphorylation was also detected for SIP but not for the SIP(S/A) mutant ( Figure 4G , left panels), supporting the in vitro phosphorylation results. Moreover, GST pull-down experiments were performed to test the interaction between SRC-1 and in vitro phosphorylated-SIP (pSIP), and the results revealed that pSIP was no longer interacted with SRC-1 ( Figure 4G , right panel), suggesting that SIP phosphorylation might trigger the dissociation of SRC-1 and SIP complex.
In order to further confirm that SIP is phosphorylated by CK II in vivo, we next examined the expression and the activity of CK II in MCF-7 cells upon estrogen stimulation. As shown in Figure 5 , estrogen treatment was associated with an accumulation of CK II proteins ( Figure 5A ), as well as with an increased CK II activity as analyzed in vitro with a synthetic CK II substrate ( Figure 5B ). In addition, CK II activation resulted in an increased expression of the ER target gene cyclin D1 and silencing the expression of CK II led to a decreased cyclin D1 expression ( Figure 5C ). Moreover, if the activity of CK II was inhibited by its specific inhibitor 4,5,6,7-tetrabromobenzotriazole (TBB) (Sarno et al, 2001; Ruzzene et al, 2002) , in vivo SIP phosphorylation was not detected, even under estrogen stimulation ( Figure 5D ), supporting the argument that CK II is responsible for SIP phosphorylation. Under TBB treatment, SIP and SRC-1 remained in the cytoplasm even under estrogen stimulation ( Figure 5E , bottom panel). In addition, silencing the expression of CK II was also associated with cytoplasmic retention of endogenous SRC-1 ( Figure 5F , bottom panels). Collectively, these experiments strongly support that estrogen stimulates CK II activation, which, in turn phosphorylates SIP, resulting in the release of SRC-1 from SIP sequestration and subsequent SRC-1 translocation into the nucleus.
As shown in Figure 2E , the ankyrin repeats in SIP were responsible for the interaction of SIP with SRC-1. In order to further delineate the functional connection between SRC-1 and SIP, we transfected FLAG-tagged SIP, SIP(S/A), or SIP(DANK) (SIP without ankyrin repeats) into MCF-7 cells and the effect of SIP and its mutants on ER-regulated gene transcription and on estrogen-stimulated cell cycle progression were analyzed. As shown in Figure 6 , SIP(S/A), which had no CK II phosphorylation residues, maintained SRC-1 sequestration function under estrogen treatment ( Figure 6A , the fourth panels) and inhibited ER-mediated gene transactivation ( Figure 6B ). In contrast, SIP(DANK), which had no SRC-1 binding sequence thus no SRC-1 sequestration function ( Figure 6A , the fifth panels), had no negative effect on ERmediated gene transcription ( Figure 6B ). The stoichiometry of SIP-SRC-1 interaction appears to be associated with the surface charges of the PEST domain of SIP, as a phosphoserine mimetic, serine to aspartate SIP mutant SIP(S/D), in this domain was no longer able to sequester SRC-1 in the cytoplasm ( Figure 6A , the sixth panels) and had only marginal effect on SRC-1-enhanced reporter activity ( Figure 6B ). In agreement with these observations, SIP(S/A) inhibited estrogen-stimulated cell cycle progression, whereas SIP(DANK) did not ( Figure 6C ). Collectively, these experiments strongly indicate that SIP acts to sequester SRC-1 in the cytoplasm and functions to regulate the biological activity of SRC-1 through restricting the subcellular distribution of SRC-1. Finally, since SIP was able to interact with all three members of the SRC coactivators ( Figure 2C) , we examined the effect of SIP on the subcellular distribution of endogenous AIB1 and GRIP1 in MCF-7 cells in the presence or absence of estrogen treatment. GFP-SIP was imaged and endogenous AIB1 or GRIP1 was immunostained, and the results indicated that in the absence of estrogen, SIP was colocalized with AIB1 and GRIP1 in the cytoplasm. Under estrogen treatment, AIB1 and GRIP1 were translocated into nucleus, whereas SIP remained in the cytoplasm ( Figure 7A ), indicating that SIP functionally affects all three members of SRC coactivators. Furthermore, transfection of SIP(DANK) was associated with an increased nuclear translocation of AIB1 ( Figure 7B) , further supporting the argument that SIP interacts with SRC coactivators through its ankyrin repeats and functions to sequester SRC coactivators.
Discussion
Current data indicate that SRCs, through their intrinsic HAT activity (Voegel et al, 1996; Onate et al, 1998) and/or through Figure 5 Estrogen-induced phosphorylation of SIP by CK II. MCF-7 cells were grown in the absence of estrogen for at least 2 days and treated with 100 nM of E2 for different times, and cellular lysates were then immunoblotted with specific antibodies against total CK II (A), or were analyzed for CK II activity with a CK II substrate peptide (B). (C) The expression of cyclin D1 under CK II knockdown. MCF-7 cells were transfected with a control siRNA or a siRNA against CK IIa. Forty-eight hours after the transfection, the cells were left untreated or treated with E2 for additional 24 h and the expression of cyclin D1 was analyzed by Western blotting. (D) Inhibition of SIP phosphorylation by CK II-specific inhibitor TBB. MCF-7 cells were transfected with pcDNA3.1-FLAG-SIP and treated with vehicle (DMSO) or TBB for 30 min before addition of E2 for another 30 min. Whole-cell lysates were first immunoprecipitated with anti-phospho-serine and then immunoblotted with anti-FLAG. (E) The effect of CK II-specific inhibitor on the nuclear translocation of SRC-1. pEGFP-SRC-1 and pcDNA3.1-FLAG-SIP were cotransfected into MCF-7 cells and treated with TBB before addition of E2 for 30 min. EGFP fluorescence and rhodamine staining of FLAG were visualized by fluorescence microscopy. Subcellular distribution of SRC-1 was scored in at least 100 cells. The results are means7s.d. of three independent determinations (right panel). (F) The effect of CK II knockdown on nuclear translocation of endogenous SRC-1. MCF-7 cells was transfected with a control siRNA or a CK II siRNA. Forty-eight hours after the transfections, cells were left untreated or treated with 100 nM of E2 for another 30 min. Endogenous SRC-1 was stained with FITC and visualized by fluorescence microscopy. the recruitment of other enzymatic activities , accomplish their transactivation activity by modifying the configuration of chromatin structure. Despite the substantial progresses in our understanding of the biological functions of SRCs, several intriguing and physiologically relevant questions remain. One such question is how the functional specificity of these coactivator proteins is regulated. As mentioned before, gene ablation studies clearly indicate that the members of the SRC protein family are not functionally redundant. It is proposed based on current data that one of the mechanisms that determines the functional specificity of SRC coactivators comes from differential post-translational modifications of these coactivators. Indeed, phosphorylation, acetylation, and sumoylation have been reported for SRC proteins (Chen et al, 1999b; Kotaja et al, 2002; Chauchereau et al, 2003; Smith and O'Malley, 2004; Wu et al, 2005b Wu et al, , 2006 , and differential chemical modifications by different enzymes would no doubt affect the functional dynamics of SRC proteins. Another prominent question is how the availability of SRC coactivators is regulated. As we reported before, the relative cellular abundance and the availability of SRC coactivators could have a profound impact on the final output of cellular signaling (Shang and Brown, 2002; Yin et al, 2004; Zhang et al, 2004; Wu et al, 2005a; Shang, 2006) . In addition, it has long been proposed that a balanced population between coregulator species (coactivators and corepressors) could be an essential factor in determining the cellular response to a specific extracellular stimulus Smith and O'Malley, 2004 ). In the current report, we identified a novel ankyrin repeat containing protein, SIP, and our data support a role for SIP in sequestering SRC coactivators in the cytoplasm, suggesting that SIP could act to buffer the availability of SRC coactivators. In so doing, the differential expression of SIP in different tissues could constitute yet another layer in the regulatory cascade of cellular signaling pathways in which the SRC proteins participate.
SIP was initially described as Ankrd25 and was shown to act as a growth promoter in U2OS osteosarcoma cells (Harada et al, 2005 ). In the current study, we showed that SIP, through sequestration of SRC coactivators, inhibited ER-regulated transcription and inhibited estrogen-stimulated proliferation of mammary carcinoma cells. The cell growth of different tissues is influenced by different environmental cues. In addition, it has been documented that ER exhibits tissuespecific activities (Smith and O'Malley, 2004) , and we have showed in previous studies that the availability of different SRC molecules could contribute to the ER tissue specificity (Shang and Brown, 2002; Zhang et al, 2004; Shang, 2006) . In light of our current observation and the observation made in U2OS cells, it is intriguing to speculate that SIP also contributes to the ER tissue specificity in different tissues under different extracellular stimuli. In this context, it will be interesting to investigate in the future studies whether or not SIP has additional biological activities.
Although SRC proteins, as transcription co-regulators, mainly function in the nucleus, studies have indicated that the subcellular localization of these proteins is regulatable. For instance, it has been reported that SRC-1 shuttles between the cytoplasm and the nucleus, depending on transcription status , that a shift of compartmental equilibrium for AIB1 from the cytoplasm to the nucleus occurs upon AIB1 phosphorylation by IkB kinase (Wu et al, 2002) , and that treatment of serum-starved cells with growth factors or phorbol esters promotes the translocation of AIB1 from the cytoplasm to nuclear compartments (Qutob et al, 2002) . Based on our current observations, it is conceivable that in the cytoplasm, SRC proteins are associated with SIP. Upon extracellular stimulation, various signaling pathways are initiated, different protein kinases are activated, and both SRC coactivators and SIP are phosphorylated, resulting in conformational changes in and dissociation of SIP and SRC proteins. Future investigations are warranted to delineate detailed stoichiometry of SIP and SRC protein interaction. Various signaling pathways are potentially activated by estrogen treatment. These include Ca 2 þ flux, cAMP and MAPK, PKA, PKC, PI3K, and Src kinase (Zhang and Trudeau, 2006) . It has been abundantly documented that these signaling pathways target both ERs and their coactivators (Smith and O'Malley, 2004; Wu et al, 2005b) . In addition, other kinase cascades such as CK II, have also been implicated in estrogen signaling (Arnold et al, 1994) . CK II is a highly conserved and ubiquitously expressed protein serine/ threonine kinase present in all eukaryotes (Seldin et al, 2005) . CK II is upregulated in rapidly dividing cells, including most human tumors, and it has been implicated in critical cellular processes such as proliferation, apoptosis, differentiation, and transformation. Transgenic overexpression of CK II in lymphoid or mammary lineages predisposes to transformation (Seldin et al, 2005) . The oncogenic role of CK II in mammary tissue is consistent with our observation that CK II promotes, through phosphorylating SIP, the nuclear translocation of SRC coactivators, gene activation, and cell proliferation.
In summary, we report here the identification of a novel ankyrin repeat containing protein that functions to sequester SRC coactivators in the cytoplasm, thus providing a mechanism for the regulation of transcriptional regulators.
Materials and methods
Bioinformatics
The open reading frame, conserved domains, and chromosome location of SIP were predicted with the databases in NCBI (www.ncbi.nlm.nih.gov). The theoretical molecular weight and isoelectric point of SIP were calculated with the database at www.expasy.ch/tools. The homologous alignment was analyzed by the ClustalW program (version 1.60) (Thompson et al, 1994) and phylogenetic analysis was performed using the Jotun Hein method (Hein, 1990) .
Fluorescence confocal microscopy MCF-7 cells were transfected with appropriate plasmids using Lipofectamine 2000 reagent (Invitrogen). Twenty-four hours after transfection, cells were washed with PBS, fixed in 4% paraformaldehyde, and permeablized with 1% Triton X-100. Cells were washed for four times and a final concentration of 0.1 mg/ml 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma) was included in the final wash to stain nuclei. Images were visualized with an Olympus inverted microscope equipped with a charge-coupled camera. The resulting images were deconvolved with Deltavision software. For immunostaining, 24 h after transfections, cells were washed with PBS, fixed with 4% paraformaldehyde, and stained with appropriate primary antibodies followed by rhodamine-or FITCconjugated secondary antibodies. The subcellular localization of proteins was scored in at least 100 cells under each experimental condition. Staining was considered nuclear when it was exclusively nuclear (N) or stronger in the nucleus than in the cytoplasm (N4C). In all other cases, it was considered cytoplasmic (if C ¼ N, if C4N, and if CoN) .
RNAi
Plasmids were constructed by inserting a synthesized 64-mer oligonucleotide containing a specific sequence for the 1259-1277 bp region of SIP open reading frame into pSUPER vector (Brummelkamp et al, 2002) . The sequences synthesized were: oligonucleotide 1, 5 0 -GATCCCCGTTCCTGCCGAATCGTCTTTTCAA GAGAAAGACGATTCGGCAGGAACTTTTTGGAAA-3 0 and oligonucle otide 2, 5 0 -AGCTTTTCCAAAAAGTTCCTGCCGAATCGTCTTTCTCTT GAAAAGACGATTCGGCAGGAACGGG-3 0 . The three CK II siRNAs used were 5 0 -GAUGACUACCAGCUGGUUCdTdT (a siRNA), 5 0 -UCAAGAUGACUACCAGCUGdTdT, and 5 0 -CAGUCUGAGGAGCCGC GAGdTdT (a 0 siRNA). The negative control siRNA was 5 0 -GCUCA GAUCAAUACGGAGAdTdT. The oligonucleotides were resuspended in annealing buffer (100 mM potassium acetate, 30 mM HEPES-KOH, pH 7.4, 2 mM acetate) and heated to 951C for 4 min, 701C for 10 min, and then cooled to room temperature to generate doublestranded DNA. The double-stranded DNA was then phosphorylated and cloned into the BglII/HindIII site of the pSUPER vector. The vector was then transfected into cells with the Lipofectamine 2000 Reagent (Invitrogen).
In vitro phosphorylation and CK II activity assay
Equal amounts of immobilized GST fusion proteins were incubated with 50 ng of CK II (Upstate Biotechnology) and 50 mM [g-32 P]ATP (5 Ci/mmol) in 20 ml of CK II buffer (20 mM MOPS, pH 7.2, 10 mM MgCl 2 , 5 mM EGTA, 1 mM sodium orthovanadate, and 1 mM dithiothreitol) for 1 h at 301C. The reaction was terminated by addition of SDS sample buffer and phosphorylated proteins were separated by SDS/PAGE and detected by autoradiography (Supplementary data).
For CK II activity assay, whole cell lysates were collected after repeated freezing-thawing and used for CK II activity assay using a CK II assay kit (Upstate Biotechnology).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
